Abstract Chemical investigation of the marine-derived Streptomyces sp. Act8015 led to the isolation of two cyclic peptide antibiotics, piperazimycins A and B (1a, 1b). Their structures were confirmed on the basis of a detailed HRESI-MS/MS analysis. Additionally, a new butanolide, 4,10-dihydroxy-10-methyl-dodecan-4-olide (2), and the respective acid, 4,10-dihydroxy-10-methyl-dodecanoic acid (3a) were identified. Further isolated compounds were staurosporin, adenine, indole-3-carboxylic acid, ferulic acid, tryptophol, and three g -butyrolactones: virginiae butanolide E (4e) and Graefe's Factors I (4f) and III (4g). The structures of 2 and 3a were confirmed by detailed 1D and 2D NMR studies and MS spectra and by comparison with related structures. A full signal assignment of virginiae butanolide E (4e) is reported here for the first time.
Introduction
Numerous bioactive cyclic peptides containing piperazic acid have been isolated from Streptomyces [1ϳ5] and Actinomadura spp. [6] . They are known for their antitumor [7ϳ9], tuberculostatic [10] , anti-inflammatory [11] , and anti-HIV activity [12, 13] and are chemically characterized by further rare amino acids, like diaminobutyric acid, dehydroamino acids, p-dimethylaminophenylalanine etc. [14] .
The extract from the marine-derived Streptomyces sp. Act8015 exhibited in vitro antitumor activities against a number of cancer cells at very low concentrations. TLC of the crude extract displayed several UV absorbing zones, which turned yellowish-brown and/or reddish-brown with anisaldehyde/sulfuric acid. Further zones without UV absorption appeared as violet-blue and/or greenish-blue spots with the same reagent.
A large-scale shaker culture was performed on M 2 1a and 1b, 4,10-dihydroxy-10-methyl-dodecan-4-olide (2) , and 4,10-dihydroxy-10-methyl-dodecanoic acid (3a). In addition, virginiae butanolide E (4e), Graefe's Factors I (4f) and III (4g), staurosporine, adenine, indole-3-carboxylic acid, ferulic acid, and tryptophol were identified by comparison with reference data [14] . In this paper, we focus on the mass-spectrometric fragmentation of the rare peptidolactones, piperazimycin A (1a) and B (1b), and on the structure elucidation of the new dodecanoic acid derivatives 2 and 3a.
Results and Discussion

CID-MS/MS Analysis of Piperazimycins A and B
The strong antibiotic and cytotoxic activity of the crude extract was in part due to staurosporine [16] . Two further highly cytotoxic antibiotics were identified as chlorinecontaining peptides by their formulas C 31 H 47 N 8 O 10 Cl and C 31 H 47 N 8 O 9 Cl (by HRESI-MS) and the positive chlorine/tolidine reaction for amide bonds. According to their NMR data, they were found to be identical with the previously reported but incompletely defined sohbumycin [17] and the recently published antibiotics piperazimycin A (1a) and B (1b) [18] . As part of our ongoing investigation of the MS/MS fragmentation of cyclopeptides and cyclodepsipeptides [19] , we report here their massspectrometric fragmentation pattern. CID tandem mass spectrometry (MS/MS) combined with high resolution MS/MS of component 1a showed a sequential loss of amino acids from the [MϩNa] ϩ ion at m/z 749, with six predominant peaks at m/z 648, 620, 602, 520, 492 and 328. According to their fragment compositions (Table 1) , the ions at m/z 648 and 520 were assigned to a subsequent loss of Me-Ser and OHPip, respectively; while the ions of m/z 620 and 492 were due to the expulsion of CO from the precursor ions at m/z 648 and 520, respectively. The fragment ion at m/z 328 resulted from the loss of ClPip from m/z 492, followed by dehydration. , the fragment at m/z 632 was attributed to the delactonization and splitting of MeSer, followed by a loss of CO (m/z 604). The fragment ion at m/z 492 (same as in 1a) was due to a splitting of 112 amu (for Pip) from the ion peak at m/z 604 corresponding to a different amino acid residue in 1b with respect to 1a. As in 1a, the last fragment at m/z 328 was indicative for a loss of ClPip from the ion at m/z 492.
The 13 C-and 1 H-NMR data of 1a were identical with published values of sohbumycin within the experimental error [18] . As our 2D NMR data were also in agreement with the published structure of piperazimycin A (1a) [17] , we state that the previously unidentified antibiotic sohbumycin is identical with piperazimycin A (1a), a cyclodepsipeptide containing the rare acids S-methylserine, g-hydroxypiperazic acid, g-chloropiperazic acid, 2-amino-8-methyl-4,6-nonadienoic acid and hydroxyacetic acid.
4,10-Dihydroxy-10-methyldodecan-4-olide
Compound 2 was obtained as colorless oil, which did not absorb UV light and turned violet and later greenish-blue on spraying with anisaldehyde/sulfuric acid. Based on the (ϩ)-ESI and HRESI mass spectra, the molecular formula of 2 was established as C 13 H 24 The HMBC experiment and the chemical shift of the methylene group CH 2 -2 (d H 2.60, d C 34.9) proved the direct neighborhood to the carbonyl C-1 (d 175.9) by 2 J couplings. H-H COSY correlations allowed the assignment of further six methylene groups, with the oxymethine group in g-position to the carbonyl, which was further confirmed by HMBC correlations. As there was no reaction with diazomethane detectable, a free carboxylic acid was excluded and a g -butyrolactone moiety was assumed, in spite of the missing 3 J coupling between H-4 and C-1. The remaining fragment C 4 H 9 O 4 was found to contain two methyls; one of them appeared as the triplet (d H 0.85, d C 8.2) of a terminal ethyl group. The other methyl giving a singlet at d H 1.11 was attached to the quaternary oxycarbon C-10 (d 72.8) due to a 2 J correlation, and showed a 3 J coupling to the methylene carbon C-11 (d 34.3) of the terminal ethyl fragment. Hence, an isobutyl alcohol as further partial structure resulted. Based on the observed 3 J coupling from CH 2 -8 (d 1.62ϳ1.36) to C-10 and those between the methyl singlet methyl and C-9 (d 40.9), the two partial structures are connected between C 9 -C 10 ( Fig.  2) , resulting in the new 4,10-dihydroxy-10-methyldodecan-4-olide (2).
4,10-Dihydroxy-10-methyl-dodecanoic Acid
The colorless oily 3a exhibited the same color reactions on TLC as 2. The ESI HRMS-derived molecular formula C 13 H 26 O 4 contained 1 mol of H 2 O more than the lactone 2 and one double bond equivalent less. As also the 1 H-and 13 C-NMR data were similar to those of 2 (Table 2) , the most likely explanation was a ring opening of the g -butyrolactone in 2 to afford the free acid 3a. This conclusion was supported by methylation with diazomethane giving an ester 3b with a molecular weight of 260 Dalton and a methyl singlet at d H 3.65. Accordingly, the oxy-methine multiplet of H-4 (d 4.23) and methylene protons of H 2 -2 (d 2.60) in 2 were upfield shifted in 3a to d 3.55 and 2.20 (t), respectively. Structure 3a was further confirmed by H-H COSY and HMBC experiments, exhibiting the same connectivities as 2 (Fig. 3) . Hence, compound 3a was deduced as the unreported 4,10-dihydroxy-10-methyl-dodecanoic acid.
Virginiae Butanolide E A further colorless oil with a similar chromatographic staining behavior as 2 had a molecular weight of 216 Dalton (ESI-MS) and a molecular formula of C 11 H 20 O 4 (HRESI-MS). By these data and the NMR spectra, it was identified as the previously described virginiae butanolide E (4e) [21] . As no complete set of NMR data has been published so far, 4e was fully assigned now by a detailed interpretation of H-H COSY, HMQC, and HMBC experiments (Fig. 4, Table 3 ). Further butanolides were identified as Graefe's Factors I (4f) and III (4g) by means of AntiBase data [14] .
Biological Activity
Sohbumycin was reported as a potent cytotoxic agent against multiple tumor cell lines in the nanomolar range [17] . Recently, also the piperazimycins A and B (1a/1b) were found to be highly potent cytotoxins [18] . This agrees well with our own results, determined in a monolayer cell proliferation assay using a panel of 36 human tumor cell lines, comprising 14 different solid tumor types.
Piperazimycin A (1a) showed cytotoxic activity against a range of human tumor cell lines with an overall potency of 0.13 mg/ml (mean IC 50 value of 36 tumor cell lines tested), and a mean IC 70 of 0.21 m g/ml. Cytotoxic activity was rather unselective with a steep concentration response between 0.03 and 0.3 mg/ml. IC 50 values determined in 32 out of 36 tumor cell lines ranged between 0.09 and 740 Table 2 1 H-and 13 C-NMR assignments of 4,10-dihydroxy-10-methyldodecan-4-olide (2) and 4,10-dihydroxy-10-methyl-dodecanoic acid (3a) 
Fig. 4 (-) H-H COSY and (→) selected HMBC coupling in virginiae butanolide E (4e).
0.13 m g/ml (Table 4 ). Three tumor cell lines were clearly less sensitive (head and neck cancer HNXF 635L, ovary cancer OVXF 899L, and renal cancer RXF 486L) with IC 50 values between 0.82 and 1.13 mg/ml (Table 4 ). In the brine shrimp microwell assay, piperazimycin A (1a) showed a mortality rate of 20% at 10 m g/ml. The antimicrobial activity of all compounds isolated from Streptomyces sp. Act8015 was determined using the agar diffusion method. At a concentration of 40 m g/disc, compounds 1a and 1b exhibited substantial activities against Bacillus subtilis, Mucor miehei, Staphylococcus aureus, Streptomyces viridochromogenes (Tü 57), Escherichia coli, Candida albicans, and Mucor miehei (Table 5) .
At least 60% of Streptomyces species appear to produce certain low-molecular signaling compounds like gbutyrolactones [22] : Besides an effect on sporulation of Streptomyces griseus [23] , the A-factor (2-isocapryloyl-3R-hydroxymethyl-g -butyrolactone) is e.g. of importance for streptomycin production [24] . Virginiae butanolides AϳE (4aϳ4e) were isolated from Streptomyces virginiae [25] as inducing agents for antibiotics biosynthesis. Butanolides seem also to play an important role as extracellular signaling molecules in the biology of Streptomyces species [26] . All butenolides isolated here were antibiotically 741 
Fermentation, Extraction and Isolation
The marine-derived Streptomyces sp. Act8015 was cultured on a linear shaker with 95 rpm at 28°C for 5 days in 80 of 1 liter Erlenmeyer flasks each containing 250 ml of M 2 ϩ medium. The brown culture broth was mixed with Celite and filtered under pressure. The filtrate was passed through a column of XAD-2. The column was washed with demineralized (25 liters) water, followed by elution with MeOH (15 liters). The MeOH extract was concentrated in vacuo, and the water residue was re-extracted with EtOAc. The Celite phase was extracted with EtOAc (4ϫ) followed by Me 2 CO (1ϫ). The Me 2 CO extract was concentrated and the aqueous residue was re-extracted with EtOAc. Based on similar chromatograms, all extracts were combined, and the residue (2.3 g) was chromatographed on silica gel (column 3ϫ60 cm, 150 g). The column was eluted with a CH 2 
